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ABSTRACT: Correlative imaging by ﬂuorescence and force microscopy
is an emerging technology to acquire orthogonal information at the
nanoscale. Whereas atomic force microscopy excels at resolving the
envelope structure of nanoscale specimens, ﬂuorescence microscopy can
detect speciﬁc molecular labels, which enables the unambiguous
recognition of molecules in a complex assembly. Whereas correlative
imaging at the micrometer scale has been established, it remains
challenging to push the technology to the single-molecule level. Here,
we used an integrated setup to systematically evaluate the factors that
inﬂuence the quality of correlative ﬂuorescence and force microscopy.
Optimized data processing to ensure accurate drift correction and high
localization precision results in image registration accuracies of ∼25 nm on organic ﬂuorophores, which represents a 2-fold
improvement over the state of the art in correlative ﬂuorescence and force microscopy. Furthermore, we could extend the
Atto532 ﬂuorophore bleaching time ∼2-fold, by chemical modiﬁcation of the supporting mica surface. In turn, this enables
probing the composition of macromolecular complexes by stepwise photobleaching with high conﬁdence. We demonstrate
the performance of our method by resolving the stoichiometry of molecular subpopulations in a heterogeneous EcoRV−
DNA nucleoprotein ensemble.
KEYWORDS: correlative imaging, atomic force microscopy (AFM), single-molecule localization microscopy (SMLM),
protein−DNA interactions, stepwise photobleaching
Self-assembly of biomacromolecules into multipart com-plexes underlies functionality and regulation in virtuallyall cellular processes. Structural heterogeneity is inherent,
and often critically important, to these systems.1−3 Functional
and mechanistic insights can be obtained using single-molecule
imaging techniques with nanometer-scale resolution, which
capture heterogeneity in supramolecular architecture directly.
In this context, the last two decades have seen the development
of optical nanoscopy techniques that can visualize mesoscale
structures with a resolution ranging down to 20−50 nm,
provided that the molecules can be densely labeled with
ﬂuorophores.4,5 An alternative technique that can sample
conformational heterogeneity beyond this length scale and in
a label-free manner is atomic force microscopy (AFM).6−15
Conventionally, AFM samples only the envelope of surface
features and is insensitive to the chemical nature of the
constituents. Therefore, detailed information on the composi-
tion in multipart assemblies remains obscure. To get around
this limitation, several approaches to detect speciﬁc molecules
in a heterogeneous ensemble have been proposed. A ﬁrst
approach, AFM-based recognition imaging, relies on the
(bio)chemical functionalization of the probe-tip. Transient
binding between the modiﬁed tip and a speciﬁc protein on the
scanned surface is reﬂected in the dynamic behavior of the
cantilever.16−19 AFM-based recognition does not necessarily
require modiﬁcation of the molecule of interest and works
particularly well on molecules that are well-oriented on the
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supporting surface, e.g. membrane proteins. However, when the
molecule has no well-deﬁned orientation on the surface or
when it is buried within a larger complex, alternative
approaches are needed.
An alternative route toward orthogonal probing of macro-
molecular structure is based on the combination of AFM with
optical nanoscopy techniques.20,21 Scanning probe techniques
such as near-ﬁeld scanning optical microscopy (NSOM)22 and
tip-enhanced Raman spectroscopy (TERS)23 can provide
chemical insight at the nanoscale, but their sensitivity is often
insuﬃcient for biological applications.24
In this context, a more promising approach is correlative
force and ﬂuorescence microscopy. Correlated imaging at the
micrometer length scale, such as AFM-based topographic or
mechanical property mapping of ﬂuorescently stained cells, is
well-established.25−27 In contrast, the visualization of puriﬁed or
reconstituted subcellular structures below the diﬀraction limit
remains challenging. Nevertheless, the potential of integrated
setups to correlate topographic and optical information at the
nanoscale or at the level of single molecules has been
demonstrated in a handful of publications over the past few
years.28−34
On the one hand, researchers have developed integrated
tools for correlated AFM and super-resolution ﬂuorescence
microscopy. For instance, a combination of AFM and
stimulated emission depletion microscopy (STED) could
resolve a correlation of local cell elasticity with cytoskeleton
architecture.28 In addition, AFM correlated with localization-
based super-resolution methods, such as photoactivated
localization (PALM) and stochastic optical reconstruction
microscopy (STORM), has been used to map heterogeneous
sample labeling.29,30 Recently, the morphological dynamics of
the cell surface and focal adhesion complexes in mammalian
cells was imaged by correlated AFM and PALM.31 These
examples demonstrate that densely labeled biomolecular
assemblies can be directly compared in topographic and
super-resolved ﬂuorescence images.
On the other hand, when the dimensions of the specimen are
smaller than the optical resolution, a direct structural
comparison is no longer achievable. In this case, the images
must be registered using ﬁducial markers that can be visualized
by both techniques. In a ﬁrst approach, quantum-dot (QD)-
labeled protein−DNA complexes have been visualized together
with nonbound QDs as ﬁducial markers, with a registration
accuracy of ∼10 nm.32 However, the size of these QDs are on
the same order or even larger than the protein size, possibly
interfering with protein functionality. Moreover, QDs heavily
blink, making them unreliable as internal references. Other
groups have therefore used ﬂuorescent styrene beads as ﬁducial
markers to detect speciﬁc components in heterogeneous
nucleoprotein complexes.33,34 In these reports, registration of
overview topographic and ﬂuorescence images of single organic
dyes achieved an accuracy of ∼50 nm.
To further advance atomic force−single-molecule local-
ization microscopy (AFM-SMLM) technology, several issues
should be addressed. First, identiﬁcation and localization of
speciﬁc molecules within a multipart complex demands high
image registration accuracy, ideally approaching AFM reso-
lution. Second, structural interrogation at the nanometer scale
requires improvements of topographic resolution in the
registered image, without sacriﬁcing registration accuracy.
Third, to exploit the ﬂuorescence signal of single molecules
beyond localization, detection should be highly sensitive, and
the signal should be continuous over a maximal time.
In this contribution, we have quantitatively evaluated and
optimized the parameters that inﬂuence the quality of
correlated AFM-SMLM. We use an excitation scheme and
analysis routine that, together, improve the sensitivity,
precision, and accuracy of AFM-SMLM correlative imaging
beyond the current state of the art. Further, we demonstrate
that interactions with the substrate reduce the sensitivity and
survival time of organic ﬂuorophores. Surface modiﬁcation with
poly-L-lysine signiﬁcantly diminishes this eﬀect, which in turn
enables high-conﬁdence stepwise photobleaching analysis. We
validate our experimental design by orthogonal probing of
nucleoprotein complexes and demonstrate the detection of
structural and compositional subpopulations in the ensemble.
RESULTS
Experimental Design for Correlative AFM-SMLM. To
probe heterogeneity in complex nanoscale assemblies, we
employ a correlative AFM-SMLM setup that comprises a
commercial AFM mounted on a home-built inverted
ﬂuorescence microscope (Figure 1A) speciﬁcally designed to
minimize mechanical instabilities. Sample preparation involves
drop-casting a mixture of biomolecular complexes site-
speciﬁcally labeled with single ﬂuorophores and ﬂuorescent
ﬁducial markers on a transparent substrate. The ﬁducial
markers serve as readily distinguishable features in both
ﬂuorescence and AFM images and enable high-accuracy
image overlay (Figure 1B). In the ﬂuorescence channel, movies
are recorded for a few minutes and at a frame rate ( f) of ∼9 s−1
(corresponding to an integration time of 110 ms per frame, a
total of 1500 frames are acquired). Least-squares 2D Gaussian
ﬁtting to individual point spread functions (PSF) yields the
coordinates of the centroids of the ﬁducial markers and
biomolecule-bound ﬂuorophores.35 To improve the signal-to-
noise ratio, S/N, the accumulation time can be increased by
sliding window averaging of n frames. Each accumulated image
generates one localization map (Figure 1C). Accordingly,
acquisition of m frames yields m − n + 1 localization maps.
These maps are corrected for drift and then superimposed. The
ﬁnal localization calculates the center of mass of drift-corrected
PSF centroid clusters. In addition, the background-corrected
intensities can be plotted as ﬂuorescence intensity time traces
(Figure 1C).
Optimizing AFM-SMLM Data Quality Is a Multidimen-
sional Problem. To extract information at the single-molecule
level, it is imperative to understand and optimize the factors
that aﬀect the quality of correlative single-molecule localization
microscopy and atomic force microscopy. Image quality is a
function of the resolution R in the AFM topography channel,
the sensitivity S/N and localization precision σ in the
ﬂuorescence channel, and the image registration accuracy
(target registration error, TRE; localization registration error,
LRE) (Figure 2). In this section, we will introduce the factors
that render these diﬀerent parameters mutually dependent and
that make the optimization process a multidimensional
problem.
Lateral resolution R in AFM topographs is deﬁned as the
minimum distance between two features for which the sample
dip exceeds the vertical noise.36 High-resolution imaging of
objects in the single-nanometer range (e.g. nucleoprotein
complexes) is therefore highly dependent on the bandwidth
of the AFM hardware and control system and requires
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appropriate isolation from external vibrations. In addition,
substrate roughness should be minimized. This is typically
achieved by sample deposition on an atomically ﬂat surface,
such as muscovite mica.8
However, mica exhibits a broad absorption spectrum that
reduces the observed brightness of the ﬂuorophores (Figure
3a). In addition, the birefringent properties of mica impart
substantial aberration that distorts the PSF.37 Thus, mica
intrinsically reduces the S/N in the ﬂuorescence channel. To
minimize these eﬀects, while providing suﬃcient mechanical
stability and an appropriate optical working distance, thin slices
(<10 μm) of mica are glued to glass coverslips.32,33,38,39
Further, the proximity between ﬂuorophore and mica
potentially aﬀects the ﬂuorescence signal by photochemical
and/or photophysical interactions.40,41 It is however unclear
whether, and to what extent, such interactions aﬀect the excited
state of ﬂuorophores.
Accurate registration is key to correlated imaging, as it
enables assigning distinct ﬂuorescent signals to speciﬁc
molecular architectures observed within the AFM channel.
Image registration accuracy can be quantiﬁed by the TRE,
which is deﬁned as the diﬀerence between corresponding
points visible in both channels, after registration.42 However,
for single-molecule imaging, it is pivotal to know how accurate
a single ﬂuorophore, invisible in AFM, can be localized in the
registered image. We therefore adopt the deﬁnition of the LRE
of Cohen and Ober, which refers to the uncertainty in localizing
a single ﬂuorophore in the registered image (Figure 2).43,44 We
note that the TRE deﬁnes the lower limit for the LRE.
Thus, the optical properties of ﬂuorophores and ﬁducial
markers, the supporting surface, the bandwidth, and stage drift
of the microscope, as well as the software routines for data
processing, are factors that all need to be considered when
aiming for high-quality AFM-SMLM correlative imaging.
Excitation Scheme. We employ a scheme wherein
emission of single ﬂuorophores and ﬁducial markers, after
simultaneous excitation, is detected on the same region of the
CCD camera.45−48 This has the advantage that drift of both
signals is concurrently corrected for. Furthermore, by proper
consideration of the optical properties of both the chromo-
phores and ﬁducials, their S/N and hence their localization
precision, σ, can be matched.49,50 In turn, this should result in a
Figure 1. Experimental design of correlative atomic force and
ﬂuorescence microscopy. (A) Experimental setup. Sample and
ﬁducial markers are adsorbed on a transparent substrate and
mounted on an inverted microscope equipped with a tip-scanning
AFM. (B) Principle of image correlation. The position of both
ﬁducial markers and single dyes is estimated by 2D Gaussian ﬁtting.
The error on localization of the ﬁducial markers is slightly smaller
than for the single dyes. The calculated positions of the beads in the
ﬂuorescence channel are superimposed on their localization in the
AFM channel by an aﬃne transformation. (C) Fluorescence data
analysis. (i) Fluorescence is acquired for m frames at a framerate f =
9 s−1. To increase the signal-to-noise ratio (S/N), the raw data are
averaged using sliding window averaging, with window size n. (ii)
Next, the location of the ﬂuorescence particles is calculated in each
frame by least-squares 2D Gaussian ﬁtting of the point spread
function and (iii) the diﬀerent x, y positions are plotted in one
frame. (iv) Drift is thereafter corrected based on the coordinates of
the ﬁducial marker centroids in subsequent frames. Last, the ﬁnal
localization and associated uncertainty are calculated as the average
and width of the distribution of all centroid coordinates. For each
ﬂuorescent particle, the ﬂuorescence intensity time trace can be
calculated.
Figure 2. Deﬁning the parameters that quantify the quality of
correlative AFM-SMLM, using the example of a labeled protein−
DNA complex. The AFM topography image is represented in
brown scale, while the high-contrast color scale represents the
super-resolution ﬂuorescence data. The lateral resolution of (AFM)
topography data is given by R. The localization precisions of the
ﬁducial markers and the single ﬂuorophore are given by σref and
σdye, respectively. The image registration accuracy is quantiﬁed
either by the pairwise distance between features detected in both
channels (ﬁducial markers; TRE: target registration error) or by
the pairwise distance between the ﬂuorophore positions (LRE:
localization registration error) in both channels. Note that the
ﬂuorophore itself is not visualized by AFM, but its position can be
estimated from the position of the protein.
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similar registration accuracy (TRE ∼ LRE) in the correlated
image.
Desirable properties for the biocompatible ﬂuorophores
include a high quantum yield, minimal blinking, and favorable
photostability. For biomolecular site-speciﬁc labeling, we
therefore selected the commercial ﬂuorophore Atto532. In
terms of ﬁducial markers, diﬀerent candidates have been
reported. We discarded quantum dots as a ﬁducial marker:
because of their long-lived dark states, they require long (∼5−
10 s) integration times to enable drift correction, which in turn
limits the time resolution of the ﬂuorescence readout. In
contrast, we identiﬁed the FluoSpheres carboxylate-modiﬁed
microspheres to exhibit a stable emission (Figure SI 1A).
Furthermore, they are relatively small (∼20 nm), water-soluble,
and easily immobilized on the substrate.
Critical for our excitation scheme is the spectral separation of
the absorption of the ﬁducial markers from the absorption of
Atto532 (Figure 3A). To achieve a similar S/N for both single
ﬂuorophores and ﬁducial markers, samples are irradiated at 532
nm. This guarantees optimal excitation eﬃciency for the
Atto532 ﬂuorophores, whereas the ﬂuorophores encapsulated
in the ﬁducial markers are suboptimally excited. This approach
avoids CCD camera saturation by ﬁducial markers at laser
powers needed to detect single dyes. However, a suﬃciently
high S/N for high-quality 2D Gaussian ﬁtting cannot be
guaranteed given the absorption spectrum of mica (Figure 3A).
This can be overcome by increasing the accumulation time n by
sliding window averaging (Figure 1C).
In the following paragraphs, we evaluate the impact of n on
the localization precision σ and on the accuracy and
distribution of the registration errors TRE and LRE (Figure
2). We present a rationale for optimal data processing.
Quantitative Assessment of the Factors That Control
Sensitivity, Precision, and Accuracy. In this section, we
quantify how increasing the ﬂuorescence sensitivity aﬀects the
localization precision of both single dyes and internal references
simultaneously, which ultimately results in a better image
registration accuracy. To this end, linear DNA molecules end-
labeled with a single Atto532 dye are co-deposited with ﬁducial
markers. The DNA construct is generated by polymerase chain
reaction ampliﬁcation, whereby one primer is modiﬁed at its 5′
end with Atto532. This approach guarantees a single
ﬂuorophore per molecule of DNA, at a well-deﬁned position.33
The sensitivity of ﬂuorescence detection is quantiﬁed in
terms of the signal-to-noise ratio, S/N. Increased S/N
empowers applications such as stepwise photobleaching and
improves the quality of PSF ﬁtting. Figure 3B depicts that
single Atto532 ﬂuorophores and ﬁducial markers are
simultaneously detected, according to the design of our
excitation scheme.
The S/N of both ﬂuorescent species was determined for
diﬀerent accumulation times n, for the duration of the entire
acquisition time (approximately 150 s). For n = 1, individual
Atto532 ﬂuorophores and ﬁducial markers are detected with a
similar S/N of ∼1.5. The S/N value improves rapidly with the
number of accumulated frames n (Figure 3C). Accordingly,
increasing n improves the quality of the 2D Gaussian ﬁt to
individual PSFs (Figure SI 2A) and enables proper drift
correction. Drift correction of the ﬂuorescence data is
performed using the average ﬁducial correction method
wherein the change in position, averaged over all ﬁducial
markers, is used to correct each frame (Figure SI 2B).51
Next, we assess the quality of the localization precision σ of
Atto532 and internal references obtained at diﬀerent
accumulation times n. Both for Atto532 and ﬁducial markers,
σ decreases with n and levels oﬀ at n = 10, reﬂecting the
accuracy of the 2D Gaussian ﬁt (Figures 3D and SI 2A). Note
that, besides the average value of σ, also its variability decreases
with increasing n. We ﬁnd that an appropriate localization
precision σ ≤ 5 nm is reached for most (∼70%) particles for an
accumulation time of ≥ 1 s (S/N ≥ 15; Figure SI 2C).
Finally, the TRE was determined for diﬀerent n and m. The
TRE is calculated by the leave-one-out method:32 each ﬁducial
marker is alternatingly left out of the image registration
calculation, and the distance between its localized position in
the registered image and its position in the AFM image is
Figure 3. Excitation scheme that yields comparable sensitivity for
ﬂuorosphere ﬁducial markers and individual Atto532 ﬂuorophores
deposited on muscovite mica. (A) Absorption and emission spectra
of Atto532 and FluoSpheres and absorption spectrum of muscovite
mica. Atto532 and FluoSpheres are excited by a 532 nm laser
wavelength (black dotted line). The emission was separated from
the excitation light by a 545 nm long-pass ﬁlter. (B) Fluorescence
(left) and AFM (right) images of Atto532-labeled DNA molecules
and FluoSpheres (white circles) are detected in both channels. The
ﬁeld of view is 12 × 12 μm2. (C) Sensitivity S/N of ﬂuorescence
detection for single Atto532 dye and internal reference, as a
function of the number of accumulated frames n. (D) Localization
precisions σ for Atto532 and internal references as a function of the
number of accumulated frames n. Note that the variance of σ
decreases for increasing n. (E) Target registration error (TRE) as a
function of the total number of frames m for n = 1 and n = 10. Solid
square = Atto532; open circles = internal references. Errors are the
standard deviation of the distributions.
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determined. When m is small, both the average TRE and its
variability are critically dependent on n, reﬂecting the eﬀect of
σ. For instance, when m = 3, we ﬁnd a TRE of 25 ± 11 nm and
14 ± 6 nm for an accumulation time of 0.11 s (n = 1) and 1.1 s
(n = 10), respectively. In contrast, for m ≥ 500, the TRE is not
signiﬁcantly aﬀected by the accumulation time, with a TRE of
∼11 nm for both an accumulation time of 0.11 s (n = 1) and
1.1 s (n = 10) (Figure 3E). Moreover, the TRE for an
accumulation times of 1.1 s (n = 10) is not strongly dependent
on the number of frames m and is close to the Cramer−Rao
lower bound (CRLB) limit for image registration between two
ﬂuorescent channels of diﬀerent color (Figure SI 2D).42,44 This
indicates that drift in the AFM channel is insigniﬁcant, which is
further conﬁrmed by measuring an AFM calibration grid
(Figure SI 3).
It should be noted that the TRE only describes the accuracy
with which the ﬁducial markers can be registered. As they
ﬂuoresce throughout the entire movie, the TRE approaches the
CRLB at suﬃcient high m, despite a low n. In contrast, single
organic ﬂuorophores will bleach after a certain time. Never-
theless, as single ﬂuorophores and ﬁducial markers have a
comparable S/N and σ (Figures 3C and D), a similar eﬀect of n
and m on their registration accuracy is expected. High
registration accuracies on single ﬂuorophores can therefore
only be guaranteed in the case in which they survive suﬃciently
long. More speciﬁcally, the ﬂuorescence signal should be
accumulated for at least 13 frames to obtain n = 10 and m ≥ 3,
which requires a dye survival time of at least 1.4 s to obtain
TRE < 15 nm.
We conclude that, in the framework of image registration, n
≥ 10 allows for accurate drift correction and high accuracy
image registration, while keeping in mind that n should not be
too large, to maintain good time resolution. Furthermore, single
dyes should survive suﬃciently long (minimally 1.4 s), to
ensure a high S/N and registration accuracies.
Modifying the Surface Chemistry of Mica Increases
Atto532 Longevity. Tracing single-ﬂuorophore intensity over
time enables several opportunities. One application is direct
ﬂuorophore counting via stepwise photobleaching. For
unbiased detection of bleaching events, we use an algorithm
based on Kerssemakers et al.52 The algorithm detects individual
steps, depending on S/N and on the duration of the intensity
plateau. A single photobleaching step can typically be detected
with high conﬁdence. For example, dyes with a survival time of
only 1.9 s have a 75% probability of reporting on monomers
(Figure SI 4A). However, to conﬁrm the oligomerization state
of a hexameric complex with the same conﬁdence, a minimal
survival time of 11.5 s is required. Single dyes should thus be
suﬃciently photostable for the high-conﬁdence detection of
higher multimers.
To better understand the process of photobleaching, we
evaluated the spectroscopic properties of Atto532 covalently
attached to DNA, after adsorption on mica (Figure 4A). We
made a quantitative comparison of the survival time for two
popular approaches that enable DNA adsorption onto mica: the
DNA was deposited either on poly-L-lysine (PLL)-function-
alized mica or on bare mica from a buﬀer containing Mg2+
ions.53,54 We ﬁnd that the lifetime τ for survival of Atto532 on
PLL-mica (τ = 14 s) is approximately 2-fold higher as
compared to the survival lifetime on Mg-mica (τ = 7 s)
(Figures 4B,C).
To understand this eﬀect, confocal single-molecule, single-
photon timing spectroscopy was used to analyze the excited
state lifetimes and blinking dynamics of Atto532 on both
surfaces (Figure SI 4B,C). The excited state lifetime of the dye
on both modiﬁed substrates is lower than on glass (∼2 ns versus
3.3 ns, which is close to the reported lifetime of 3.8 ns in
solution), indicative of a stronger interaction with these
surfaces compared to glass. Since the excited state lifetimes
are similar on PLL-mica and Mg-mica, the deactivation of the
ﬂuorescence must occur on similar time scales. Yet, this does
not directly explain the observed diﬀerences in survival
lifetimes. Analysis of the ﬂuorescence blinking behavior,
however, shows that the scaling exponents of the oﬀ-times
are clearly distinct, with a more negative exponent on PLL-mica
as compared to Mg-mica (Figure SI 4D). The negative
exponent is indicative of a trapping mechanism.55−57 Our
results are in line with a mechanism whereby Atto532
undergoes an excited state electron (or hole) transfer to the
substrate, where it performs a random walk or is trapped. After
some time, the charges can recombine to undergo the normal
photophysical deactivation process until it gets re-excited. A
smaller oﬀ-exponent indicates that the back-charge transfer is
hindered more. Therefore, the remaining radical Atto532 has
increased probability for photobleaching when deposited on
bare mica.
Accordingly, in the AFM-SMLM setup, a ﬂuorescent signal
could be assigned to ∼70% of the Atto532-labeled DNA
molecules on PLL-mica, whereas only ∼50% of the DNA
molecules on Mg-mica exhibited detectable ﬂuorescence
intensities. This could, at least in part, be explained by fast
photobleaching of single ﬂuorophores.
Optimal Detection of Single Fluorophores and
Rationale for High-Quality Correlative AFM-SMLM. The
end-labeled DNA construct additionally serves as an ideal tool
Figure 4. Orthogonal imaging of Atto532-labeled DNA. (A) AFM
topography image of the Atto532-labeled DNA construct, depicting
the measurement scheme for determination of LRE and high-
lighting the lateral resolution that can be obtained. (B) Intensity
time-trace of Atto532 covalently attached at a 5′ end of DNA,
depicting stepwise photobleaching. (C) Survival times of Atto532
deposited either on PLL-functionalized mica or on bare mica in a
Mg2+-containing buﬀer. The blue and red lines represent a ﬁt to an
exponential decay function (e−t/τ) for PLL and Mg2+, respectively.
The Atto532 survival lifetime can be 2-fold extended when
deposited on PLL-functionalized mica (N = 36). (D) Distribution
of LRE values (N = 61) centered at ∼27 ± 15 nm. The width of the
bars is 10 nm, taking into account a minimum localization
precision of 10 nm for single Atto532 (see Figure 3C). Errors
represent the standard deviations of the distributions.
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to directly quantify the LRE. Whereas Atto532 cannot be
directly resolved in AFM topography images, we know by
design that the ﬂuorophores are in the proximity (∼1 nm) of
the DNA end. Following Sanchez et al., we determined the LRE
by measuring the distances between the nearest end of the
DNA in the AFM image and the coordinates of the mean
position of the centroid cluster determined in the ﬂuorescence
channel (Figure 4A).33 For n = 10, we ﬁnd LRE = 27 ± 15 nm
(Figure 4D). This LRE value represents a ∼2-fold improve-
ment as compared to the current state of the art.33 The
diﬀerence between the LRE (∼27 nm) and TRE (∼11 nm) can
be attributed to chromatic aberration eﬀects caused by the
diﬀerent emission wavelengths of the Atto532 and the ﬁducial
markers (Figure 3A).
In addition, it was found that the overlay of a higher
resolution AFM topograph (3 × 3 μm2, ∼1.5 nm pixel size)
with the overview image (12 × 12 μm2, ∼6 nm pixel size) does
not signiﬁcantly aﬀect the LRE (Figure SI 5A−D). Therefore,
AFM image quality can be improved to the level achievable by a
conventional stand-alone AFM, with the added value brought
by correlated imaging.
Our systematic evaluation of the parameters that quantify
correlative AFM-SMLM data quality enables presenting a
rationale for best practice. First, simultaneous detection of
ﬁducial markers and single ﬂuorophores enables concurrent
drift correction. Excitation at the absorption maximum of single
ﬂuorophores maximizes their brightness. To prevent saturation
of ﬁducial ﬂuorescence, their absorption spectrum needs to be
suﬃciently shifted. Second, time averaging over n consecutive
frames using a sliding window increases the S/N. In our case,
for n = 10, we achieve an average S/N ≥ 15 for both single
Atto532 and internal references, which enables accurate drift
correction and consequently high localization precision for all
particles. In turn, this allows image registration accuracies close
to the CRLB. Third, high conﬁdence stepwise photobleaching
analysis is dependent on the ﬂuorophore survival time. In that
context, photochemical interactions with the substrate need to
be considered. We found that on PLL-mica and for S/N = 15.7
± 6.5 (n = 10) Atto532 can be localized with a precision of σdye
= 4.2 ± 2.0 nm and registered with the topography image with
LRE = 27 ± 15 nm. Last, we demonstrate that high-resolution
topographs of labeled biomolecules can be overlaid by cross
correlation with the overview topography image, without
sacriﬁcing the registration accuracy.
Resolving Geometrical and Compositional Hetero-
geneity in EcoRV−DNA Nucleoprotein Complexes. We
now demonstrate the potential of correlated AFM-SMLM to
resolve geometry, composition, and stoichiometry of multipart
nucleoprotein complexes. As a proof-of-concept, we evaluate
the DNA-binding properties of the EcoRV enzyme, a
prominent tool in biotechnology and a paradigm in the ﬁeld
of protein−DNA target search. EcoRV is a dimeric restriction
enzyme that recognizes its target sequence with high speciﬁcity.
After target localization and prior to dsDNA cleaving, EcoRV
bends the DNA by ∼50°.58−60
First, we investigated the interaction of Atto532-labeled
EcoRV(C21S/K58C) with a 500-basepair DNA fragment
comprising the EcoRV target sequence. The ﬂuorescent label
was installed site-speciﬁcally on the genetically engineered
cysteine residue of each monomer, via maleimide chemistry,
with a labeling eﬃciency of ∼70%. Mixing of the protein with
the DNA fragment in the presence of calcium ions allows
nucleoprotein formation, while restriction catalysis is impeded.
On adsorption of the sample onto PLL-mica, we ﬁnd that
EcoRV is bound with high selectivity at its cognate DNA
sequence (Figure SI 6A,B). Owing to the high lateral resolution
of the topography images, we could quantify the bend angle
distribution at a length scale of 7.5 nm (Figures 5A,B). The
bend angle distribution was ﬁt using the sum of two folded
Gaussians, where the ﬁrst population (64% of all complexes)
represents the state wherein EcoRV does not impose a protein-
induced bend angle, and the second population (centered at 43
± 8 deg; 36% of all complexes) corresponds to the bend state
(Figure 5B). In addition, we estimated the stoichiometry of the
nucleoprotein complex based on the apparent volume. To
account for variability of the sharpness of AFM probes and
changing environmental conditions, the apparent volumes were
normalized with respect to free DNA volume per unit length.61
Based on a calibration curve constructed using other proteins of
known molecular weight, the dimeric nature of EcoRV was
Figure 5. Orthogonal probing of heterogeneity in EcoRV−DNA
nucleoprotein complexes. (A) EcoRV binding to its target
sequence. The white arrow indicates the EcoRV protein. (B)
Bend angle distribution of EcoRV, measured at a length scale of 15
nm. The bend angle is deﬁned as the deviation from linearity, as
shown in the inset. The distribution was ﬁt to a double folded
Gaussian. The black line represents the population of EcoRV
fraction that does not impose DNA bending (mean and standard
deviation of 0° and 25°, respectively). The blue line represents the
population of EcoRV that imposes DNA bending (mean and
standard deviation of 42° and 8°, respectively) (N = 93). (C)
Normalized volume distribution of DNA-bound EcoRV (N = 65).
The average volume corresponds to the expected volume of an
EcoRV dimer (inset). The unit of normalized volume is a direct
consequence of the normalization method. (D) Fluorescence
intensity time trace of the complex shown in A. The dimeric
stoichiometry is conﬁrmed by two photobleaching steps. (E)
EcoRV complexed to supercoiled plasmid DNA. The white arrow
shows DNA bridging by EcoRV. (F) Fluorescence intensity time
trace of the complex shown in E. Four photobleaching events are
detected, in line with a tetrameric EcoRV stoichiometry.
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conﬁrmed (Figure 5C and Figure SI 7). In addition, we
performed an independent analysis to evaluate the stoichiom-
etry of nucleoprotein complexes, based on stepwise photo-
bleaching (Figure 5D). Provided a labeling eﬃciency of 70%, a
dimeric stoichiometry describes our experimental distribution
of the number of photobleaching steps best (Figure SI 9), in
agreement with our volumetric analysis, X-ray crystallography,58
and biochemical data.62
Volumetric analysis of nucleoprotein complexes to determine
their stoichiometry becomes problematic when the size or
complexity of the DNA substrate increases (Figure SI 8).61 To
highlight the strength of stepwise photobleaching, we next
evaluated the binding of ﬂuorescently labeled EcoRV with
supercoiled plasmid DNA. We opted for the pBR322 plasmid,
which contains a unique EcoRV restriction site within its 4361
bp sequence. We found only ∼35% of nucleoprotein complexes
bound at a single dsDNA segment (Figure SI 9A,B). These
complexes exhibited step distributions in line with a dimer
stoichiometry. Surprisingly, the remaining ∼65% of complexes
appeared at DNA crossovers in the supercoiled molecule,
implying simultaneous binding to two segments of dsDNA
(Figures 5E,F). This was further conﬁrmed for wild-type,
nonlabeled EcoRV, excluding DNA−dye interaction (Figure SI
9C). There are two plausible explanations for this observation.
At the level of the EcoRV dimer, only a single DNA can ﬁt in
the catalytic cleft formed at the dimer interface. Still, it should
not be excluded that a second binding site exists elsewhere in
the protein. Alternatively, the crossover-bound complexes
constitute a higher order EcoRV stoichiometry. Stepwise
photobleaching analysis provides evidence for the latter
scenario: the distributions of the number of steps are in
excellent agreement with predictions for a tetrameric
stoichiometry (Figure 5F and Figure SI 9E). Thus, the
orthogonal information obtained via high-quality correlative
AFM-SMLM evidences a heterogeneous nucleoprotein stoi-
chiometry that depends on DNA topology.
CONCLUSION
Spatial and temporal heterogeneity at the nanoscale underlie
the properties and mechanisms of biological samples and
materials. To further our understanding of these systems,
technological advances are a prerequisite. Correlative imaging
allows probing the sample in an orthogonal fashion, which in
turn can increase the detail of our understanding.
On the basis of a systematic assessment of the parameters
that inﬂuence data quality, we have presented a rationale to a
correlated AFM and ﬂuorescence imaging methodology. The
simultaneous detection of single dyes and internal markers with
comparable sensitivity is key toward a high localization
precision and registration accuracy. Additional improvements
in LRE can be achieved by implementing active stabilization of
the imaging optics in our setup63 or the development of
alternative ﬁducial markers with similar S/N and emission
wavelengths of the single dyes. Furthermore, extending the
survival time of organic ﬂuorophores enables high-conﬁdence
stepwise photobleaching analysis. The proximity of the
muscovite mica support, used to optimize lateral resolution of
topographic images, was found detrimental for the ﬂuorophore
longevity. Spectroscopic analysis indicates that on mica the
primary route toward photobleaching involves charge transfer
from the excited ﬂuorophore to the surface. By modifying the
mica surface with poly-L-lysine, we could extend the
ﬂuorophore survival time approximately 2-fold, which in turn
results in higher quality data. Further research toward the
optimization of correlative force−ﬂuorescence microscopy
would therefore beneﬁt from the use of dyes with “self-healing”
properties64 and surface modiﬁcations that decouple surface−
dye interactions.
We validated our experimental design by studying the
interaction of site-speciﬁcally labeled EcoRV with DNA. High-
resolution topographic imaging and stepwise photobleaching
uncovered a hitherto unresolved nucleoprotein complex,
comprising an EcoRV tetramer bridging two segments of
dsDNA. Previous reports demonstrated that coiling of DNA
enhances the target search of EcoRV, but the structural basis
remains thus far unknown.65 We speculate that the tetrameric
stoichiometry of EcoRV bound to supercoil DNA crossings
might constitute an intermediate that enhances target search via
intersegmental transfer. While the potential functional role of
this newly uncovered EcoRV−DNA complex requires further
investigations, its resolution by AFM-SMLM clearly demon-
strates the power to sample structural and compositional
heterogeneity at the single-molecule level. We anticipate that
the progress described herein will provide insights into other
multipart protein−protein or protein−nucleic acid architec-
tures. Beyond the current state of the art, the systematic
evaluation in this report provides a critical baseline for further
technological improvements.
Last, the technical and methodological advances for
increasing ﬂuorescence sensitivity to the level of single organic
ﬂuorophores as presented herein will aid the development of
instruments capable of reaching out beyond static nanoscale
architecture and composition, e.g. by implementation of single
pair ﬂuorescence resonance energy transfer,66 tip-enhanced
ﬂuorescence,67 or single-turnover mapping of catalysts.68
MATERIALS AND METHODS
DNA Substrates and Labeling. Fluorescent DNA fragments
were generated by amplifying a 1000 bp DNA fragment of the bacterial
pBR322 plasmid with Atto532-AATGCGCTCATCGTCATCC and
CTGCCAAGGGTTGGTTTG. EcoRV recognition sites containing
DNA fragments were generated by amplifying a 500 bp fragment from
pBR322 with primers AATGCGCTCATCGTCATCC and
CGACGCTCTCCCTTATGC. All primers were purchased from
Integrated DNA Technologies.
EcoRV Puriﬁcation and Labeling. EcoRV was puriﬁed as
previously described.69,70 Brieﬂy, EcoRV-expressing E. coli cells were
suspended in lysis buﬀer (30 mM KH2PO4−KOH pH 7.2, 800 mM
NaCl, 0.5 mM EDTA, 1 mM DTT) and lysed by sonication. After
centrifugation, the supernatant was subjected to aﬃnity chromatog-
raphy using a HisTrap HP 5 mL column (GE Healthcare) equilibrated
with lysis buﬀer. EcoRV was then eluted with lysis buﬀer
supplemented with 250 mM imidazole. Finally, the proteins were
loaded onto a HiTrap heparin HP column (GE Healthcare) and eluted
by increasing the concentration of the high-salt buﬀer.
EcoRV was labeled by incubating 50 μM of the protein with a 10-
fold excess of Atto532-maleimide for 3 h at room temperature.
Unbound dye was removed using Amicon ultra-0.5 centrifugal ﬁlters
(10 kDa MWCO). The degree of labeling was calculated by
= ε ε
−
− ×DOL
A
A A( CF )
532 EcoRV
280 280 532 atto532
with εEcoRV = 51 800 M
−1cm−1, εatto532
= 11 500 M−1 cm−1, and CF280 = 0.11, which corrects for the fact that
Atto532 also absorbs at 280 nm.
Sample Preparation. To account for its absorption and
birefringent properties, mica was cleaved until it was thin enough
for single-molecule ﬂuorescence imaging. For mechanical stability,
mica sheets were glued by poly(dimethylsiloxane) to a glass coverslip
and cured at 80 °C. Prior to sample deposition, the mica was cleaved
further until only a minimal thickness remained.
ACS Nano Article
DOI: 10.1021/acsnano.7b05405
ACS Nano XXXX, XXX, XXX−XXX
G
Next, 20 μL of 0.01% PLL solution was deposited on the mica and
incubated for 30 s, before rinsing with 50 mL of Milli-Q water. The 5′
Atto532 labeled DNA (10 μL; 0.125 ng/μL) mixed with FluoSpheres
carboxylate-modiﬁed microscopheres (0.02 μm, crimson ﬂuorescent,
ThermoFisher) in 10 mM 2-amino-2-(hydroxymethylpropane-1,3-diol
(Tris) buﬀer containing 200 mM Na+ was deposited on the PLL-
functionalized mica and incubated for 30 s, prior to rinsing with 20 mL
of MQ water. A 1 nM concentration of Atto532-labeled EcoRV was
incubated with either a 0.125 ng/μL EcoRV recognition site
containing DNA fragment or 0.125 ng/μL pBR322 plasmid DNA in
a 10 mM Tris buﬀer containing 10 mM Ca2+, 100 mM Na+, and 1 mM
dithiothreitol (DTT) and incubated for 15 min at room temperature.
Just before sample deposition, the solution was mixed with ﬂuorescent
beads. A 10 μL amount of the solution was deposited on PLL-
functionalized mica and incubated for 30 s before being washed with
20 mL of MQ water.
Single-Molecule Fluorescence Spectroscopy. The experiments
were carried out on a home-built scanning ﬂuorescence confocal
microscopy system based on an Olympus IX71 inverted microscope. A
piezo-driven scanning stage (Physik Intrumente P5173CL), which is
controlled by a home-written software program, allows for imaging the
sample point by point in a raster scanning fashion. Upon laser
illumination, the ﬂuorescence emission signal from the sample was
collected by a 100× oil immersion objective (Olympus UPLFLN
1.3NA) and collected via an avalanche photodiode (PerkinElmer
CD3226). The excitation wavelength of 488 nm was obtained using
the second harmonic of a Ti:sapphire laser (Tsunami, Spectra
Physics). The Ti:sapphire laser was pumped by an intracavity
frequency-doubled Millenia laser (Spectra Physics). Appropriate ﬁlters
were used to suppress the excitation wavelength.
Correlated Fluorescence and Force Microscopy. Measure-
ments were performed with a CombiScope 1000 (AIST-NT)
equipped on a home-built transmission-type optical microscope.
Excitation light from a diode laser (532 nm) was reﬂected by a
dichroic mirror (Chroma, Z532RDC) and then illuminated onto the
sample via wide-ﬁeld conﬁguration by an oil-immersion objective lens
(Nikon, CFI S Fluor, 100×, NA 1.3). Fluorescence was collected with
the same objective and was captured by an electron multiplying charge
coupled device (EMCCD) camera (Andor, iXon 897) operated at −65
°C, through the dichroic mirror and a long-pass ﬁlter (Linos, 454 LP).
However, in contrast to conventional multicolor ﬂuorescence imaging,
emission from both ﬂuorophores and ﬁducial markers passes through
the same optical elements on the same region of the CCD
camera.42,71−74 To minimize vibrations and instabilities, the micro-
scope was installed on an antivibration table (Accurion, Halcyonics-
micro), the microscope objective was withdrawn from the surface, and
the laser and EMCCD cooling were switched oﬀ. During ﬂuorescence
imaging, each frame was recorded with an acquisition time of 110 ms,
and at least 1500 frames were captured. AFM images were acquired by
AC240TS probes (Olympus) in amplitude modulation mode.
To determine the dependence of registration accuracy on the
number of reference points, a sample with ∼20 internal references in
the topography FOV was measured. For each number of reference
points, the registration was repeated 40 times with randomly selected
internal references.
Analysis of Correlated Imaging. Unless stated otherwise,
ﬂuorescent frames were accumulated per 10 by a moving average to
increase the signal-to-noise ratio. In-house-written routines were used
to ﬁt each ﬂuorescent signal in each frame by a 2D Gaussian by the
least-squares method, after which each frame was drift corrected.
Beads were recognized as the ﬂuorescent signals still present in the last
15% of frames.
In the AFM images, beads were detected using the triangle method.
To accurately determine the bead positions and to correct for
parachuting eﬀects, the bead topography was ﬁtted by a 2D Gaussian.
The highest pixel closest to the Gaussian center was selected as the
bead position. Then, the localized positions of the beads in the
ﬂuorescence channel were superpositioned with the positions in the
AFM image by an aﬃne transformation, and consecutively the whole
ﬂuorescence image was correlated with the AFM image.
High-resolution AFM images were registered with the overview
correlated image by an image similarity metric.
AFM Analysis. AFM images were analyzed by the scanning probe
image processor (Image Metrology). Images were ﬂattened either by
correcting each line with a polynomial ﬁt (overview AFM images) or
by elevating the individual x-proﬁles so that their height distribution
obtains the best match (histogram alignment, high-resolution AFM
images).
Analysis of length, volume, and heights was carried out by the
“particle and pore analysis module”. To determine protein volumes,
the volumes of the entire nucleoprotein complex and naked DNA
molecules located in the vicinity of the complex were determined.
Next, the average naked DNA volume (⟨VDNA⟩) was subtracted from
the nucleoprotein volume (Vnp) to obtain the protein volume. Finally,
the protein volume (nm3) was normalized relative to the average
volume (nm3) per nanometer (nm) length of DNA (VDNA,1nm), to
account for tip shape, air humidity, and other factors inﬂuencing the
apparent volume of proteins (Vnorm = (Vnp − ⟨VDNA⟩)/VDNA,1nm). The
resulting unit for the normalized volumes is thus nm.
Origin 8.0 was used to statistically process the data, plot ﬁgures, and
ﬁt distributions. The distribution of individual LRE values was ﬁtted to
a folded Gaussian function,
= +− − − +y a ae ex c x c( LRE) /2 ( LRE) /2
2 2 2 2
Prior to ﬁtting the EcoRV−DNA bend angles, the bend angle
distribution of naked DNA was determined and ﬁtted to a folded
Gaussian, = +α α− − − +y a ae ex c x c( ) /2 ( ) /21
2 2
1
2 2
, where a, α1, and c
correspond to the height, bending angle (0°), and standard deviation
(25°) of free DNA, respectively. EcoRV bending angles were
subsequently ﬁtted to a double-folded Gaussian
= + +
+
α α α
α
− − − + − −
− +
y a a d
d
e e e
e
x c x c x f
x f
( ) /2 ( ) /2 ( ) /2
( ) /2
1
2 2
1
2 2
2
2 2
2
2 2
where a, α1, and c correspond to the height, bending angle (0°), and
standard deviation (25°) of free DNA determined earlier, respectively.
The values earlier determined for α1 and c were kept constant. d, α2,
and f correspond to the height, bending angle, and standard deviation
of the EcoRV-induced bending angle, respectively, and are optimized
using global ﬁtting over both data sets.
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